Citation: He J, Bazan HEP. Neuroanatomy and neurochemistry of mouse cornea. Invest Ophthalmol Vis Sci. 2016;57:664-674. DOI:10.1167/ iovs.15-18019 PURPOSE. To investigate the entire nerve architecture and content of the two main sensory neuropeptides in mouse cornea to determine if it is a good model with similarities to human corneal innervation.
T here has been a renewed interest in studying corneal nerves in recent years, due in part to the fact that corneal nerves are routinely injured after refractive surgical procedures and to the recognition that corneal innervation plays a central role in the maintenance of a healthy ocular surface. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Several animal models have been used for studying corneal neurobiology. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Of these models, the mouse is the most popular because it is relatively inexpensive, easy to reproduce, and because animals reach adulthood quickly compared with other models. An important advantage is that mice can be genetically manipulated, and there is an extensive array of antibodies that are reactive to mouse tissues. In addition, 99% of the genes are equivalent to those in humans, 17 making mice ideal for studying the function of human genes as well as specific diseases.
Several groups have used immunochemical methods to study mouse corneal innervation, [14] [15] [16] 18, 19 but none of them have provided an entire map of its innervation or the content of the most abundant neuropeptides, calcitonin gene-related peptide (CGRP), and substance P (SP). A transgenic mouse expressing neuro-specific yellow fluorescent protein (YFP) has been used for studying nerve regeneration. 20 It has proven to be a good model for visualization of corneal nerves in vivo and could provide a whole-mount view of the entire corneal innervation. [21] [22] [23] However, only half of the subbasal nerves in this mouse model are YFP-labeled. 20 Using a modified method of immunofluorescence and imaging developed in our laboratory, [24] [25] [26] [27] [28] we characterize the whole corneal nerve architecture of the mouse from early postnatal age to adulthood in this study. We also investigate the distribution of the main sensory neuropeptides CGRP and SP.
METHODS Animals
Fifty-four Swiss Webster mice aged 1 to 24 weeks (both sexes) were purchased from Charles River Laboratories (Wilmington, MA, USA) and housed at the Neuroscience Center of Excellence, Louisiana State University Health (LSUH; New Orleans, LA, USA). The animals were handled in compliance with the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the experimental protocol was approved by the Institutional Animal Care and Use Committee at LSUH.
Antibodies
Rabbit monoclonal anti-bIII-tubulin (Tuji1, MRB-435p-100) antibody was purchased from Covance Antibody Services, Inc. (Berkeley, CA, USA); rat monoclonal anti-substance P (SP) was purchased from Millipore (Temecula, CA, USA); and guinea pig polyclonal anti-CGRP was purchased from Pierce Antibody iovs.arvojournals.org j ISSN: 1552-5783 Products (Thermo Fisher Scientific, Inc., Rockford, IL, USA). Secondary antibodies AlexaFluor 488 goat anti-rabbit IgG (HþL), AlexaFluor 594 goat anti-guinea pig IgG (HþL), and AlexaFluor 594 goat anti-rat IgG (HþL) were purchased from Invitrogen (Carlsbad, CA, USA).
Immunofluorescence Staining and Imaging
Mice were anesthetized by an intraperitoneal injection of 0.1 mL sodium pentobarbital (10 mg/mL). The position of the cornea was marked by three stitches at 3, 9, and 12 o'clock points with a nylon 10-0 monofilament (Ethilon; Ethicon, Inc., Somerville, NJ, USA) on the sclerocorneal rim. The mice were euthanized and the eyeballs were enucleated and fixed in freshly prepared 2% paraformaldehyde for 15 minutes. Then the corneas were carefully excised along the sclerocorneal rim and fixed for an additional 45 minutes, followed by three washes with 0.1 M PBS containing 0.1% bovine serum albumin (PBS-BSA). To block nonspecific binding, corneas were placed in a 96-well plate (one cornea/well) and then incubated with 10% normal goat serum plus 0.3% Triton X-100 solution in PBS-BSA for 60 minutes at room temperature. The tissue was then incubated with rabbit monoclonal anti-bIII-tubulin antibody (1:1000) for 72 hours at 48C. After washing with PBS-BSA (3 3 10 minutes), the corneas were incubated with the corresponding secondary antibodies for 24 hours at 48C and then washed thoroughly with PBS-BSA.
For double immunofluorescence, after labeling with the first set of antibodies (bIII-tubulin and corresponding secondary antibodies) was completed, the tissue was incubated with a second primary antibody (CGRP or SP) for 72 hours and followed by the corresponding fluorescein isothiocyanate (FITC)-or tetramethylrhodamine (TRITC)-conjugated secondary antibody and washings, as described above.
Four radial cuts were performed on each cornea, and the tissue was flatly mounted on a slide with the endothelium side up. Images were acquired in time-lapse mode using a fluorescence microscope (Nikon Eclipse TE200; Nikon Corp., Tokyo, Japan) equipped with a digital camera (CoolSNAP HQ; Photometrics, Tucson, AZ, USA) using imaging software (MetaVue; Molecular Devices, Sunnyvale, CA, USA). The images of mice of different ages ( Fig. 1) were taken with a fluorescent microscope (Olympus IX71; Olympus Corp., Tokyo, Japan). The images at the same layer recorded from one cornea were merged together to build an entire view of the corneal nerve network of both the epithelium and stroma. To obtain a transected view of the corneal nerves, the same cornea used above was embedded in optimal cutting temperature (OCT), and serial 15-lm cryostat sections were cut and photographed with the same microscope.
To test the origin of the sensory neuropeptides CGRP and SP, mice were euthanized, the crania opened, and both left and right TG removed and processed as previously described. 28 Briefly, after fixing and washing the tissue, the whole TG were embedded in OCT compound and serial 10-lm cryostat sections were cut, dried at room temperature for 2 hours, and stored at À208C until use.
For double immunofluorescence, the sections of the TG were washed, blocked, and permeabilized as already described 28 and then incubated with primary antibodies against bIII-tubulin (1:1000) plus CGRP (1:500), bIII-tubulin plus SP (1:500), or CGRP plus SP in 0.1 M PBS containing 1.5% normal goat serum overnight at 48C. After washing with PBS-BSA (3 3 5 minutes), the sections were incubated with corresponding FITC-or TRITC-conjugated secondary antibodies for 1 hour at room temperature. To exclude nonspecific labeling, the primary antibodies were replaced by serum IgG of the same host species as the primary antibody. In controls without primary antibodies, there was no staining (data not shown).
Data Analysis
The adult mouse corneas (22 mice) have a radius of approximately 1.5 mm. To calculate the subbasal epithelial nerve densities, we divided the mouse cornea into central and peripheral zones. The central zone was defined by a radius of 0.5 mm starting at the apex, and the peripheral zone with a radius of 0.5 mm beginning at the limbus. To avoid overlap, approximately 0.5 mm of space between the two zones was left uncounted.
To get a better contrast, the fluorescent images were changed to grayscale mode and placed against a white background using imaging software (Photoshop; Adobe Systems, Inc., Mountain View, CA, USA). The subbasal nerve fibers in each image were carefully drawn with 4-pixel lines following the course of each fiber by using the brush tool in the imaging software (Adobe Systems, Inc.). The nerve area and the total area of the image were obtained by using the histogram tool. The percentage of total nerve area was quantified for each image as described previously. [25] [26] [27] [28] To compare nerve densities in the central and peripheral areas, eight images for each zone were randomly chosen from each cornea (two images/quadrant). A total of 80 images for each zone from 10 corneas of 10 mice (5 mice/sex) were averaged. Nerve terminals in the superficial epithelia within the central and peripheral zones were calculated by directly counting the number of terminals in each image. Twenty-four images per zone from six corneas were analyzed. The terminal numbers in each image were counted directly. Since each image comprised an area of 0.335 mm 2 , the terminal numbers per square millimeter were calculated.
To examine the relative content of neuropeptides in the subbasal nerves, 12 corneas that had been stained with antibIII-tubulin were double-stained with CGRP or SP. For each neuropeptide, a total of 24 whole-mount images from the central zone (one image/quadrant) were taken, and then the same numbers of images were taken for bIII-tubulin. In the same visual field, the percentage of bIII-tubulin equaled that of the total nerve area, and the ratio of the peptide-positive nerve area against bIII-tubulin represented the relative content.
To calculate CGRP-and SP-positive neurons in the TG, 20 images were selected randomly from 10 mice (1 section/ ganglion) and counted in a blind fashion. Differences in central and peripheral corneal nerve densities, terminal numbers, and the relative content of neuropeptides in the central cornea and TG were expressed as means 6 SEM and t-test was performed; P < 0.05 was considered a statistically significant difference between two groups.
RESULTS

Development of Mouse Corneal Innervation After Birth
When comparing the subbasal epithelial nerve densities in corneas of adult male and female mice (n ¼ 10 corneas/sex), no differences in epithelial nerve densities were found between sexes either in the central or in the peripheral epithelial nerves (data not shown). Therefore, the data presented represent a combination of both sexes. For this study, a total of 32 mice were used, with four mice for each time point. Figure 1 contains representative images of corneal stroma and epithelial nerves from mice 1 to 24 weeks after birth.
Images were recorded with a 310 objective lens focusing on the subbasal layer. In the very young mice (aged between 1 and 3 weeks), the more prominent nerves were the thick stromal nerves, which connected with each other, constituting a dense stromal nerve network. There was little change in the size of the stromal nerve bundles between the periphery and center. Subbasal nerves originating from the branches of stromal nerves were few, short and thin, as can be seen in the images (Figs. 1A-D) depicting the central area of the cornea. Whorllike structures started forming at 4 weeks. From age 4 to 6 weeks, the density and branches of the corneal stromal nerves in the central cornea were gradually reduced (compare Figs. 1A-D with Fig. 1E ), and the subbasal nerve bundles became longer. By age 8 weeks, the mouse corneal innervation reached maturity. The stromal nerves looked like a tree; their trunks around the limbal area were thicker, but their branches became gradually thinner from the corneal periphery to the center, in which a few stromal nerve branches were visible. On the contrary, the subbasal nerves, which mainly originated from the peripheral stromal nerves, were much longer and thicker. From 8 to 24 weeks, the vortex was well defined (Figs. 1F-H) and there were no obvious changes in the epithelial nerve architecture.
Corneal Nerve Architecture of Adult Mice
Stromal Nerves. The stromal nerves originate from four major nerve trunks, which pass through the attachment points of extraocular muscles and run from the episclera to the corneoscleral limbus, where they divide into several branches. A reconstructed image in Figure 2A shows the fiber course of a medial (nasal) nerve trunk in an 8-week-old mouse. Some of the stromal branches connected with each other to constitute a dense stromal nerve network around the limbal area, but most of the branches run forward and divide further into many subbranches. In the peripheral zone, these branches run upward to the subbasal layer to give place to subbasal bundles. Figure 2B shows the entire whole-mount view of stromal nerves recorded from two mouse eyes. There was an average of 21.7 6 0.8 (n ¼ 20 eyes, means 6 SEM) branches per eye, and based on qualitative observations, the density of the stromal nerves was higher in the periphery than in the center. Epithelial Nerves. Figure 3A shows the whole mount of the entire subbasal nerves recorded from the same mouse as in Figure 2B . The epithelial nerves emerge mainly from the tips of the stromal nerve branches in the periphery and form the nerve bundles in the subbasal layer. Long bundles run from the periphery and converge into the central area to form the whorl-like structure or vortex. These subbasal bundles project numerous divisions that connect to each other to constitute the subbasal nerve plexus. Fine terminals or free endings derivate from the plexus and innervate the epithelial cells (Fig.  3B) . Highlighted images in Figure 3C show the detailed nerve architecture of stromal nerves, subbasal bundles, and nerve terminals at the vortex area.
One interesting finding was that the patterns and numbers of whorl-like structures varied between corneas of 8-week-old mice (Fig. 3A) . Among the 60 corneas analyzed, 44 (73.3%) showed one whorl-like structure per cornea, and 28 of those eyes had a clockwise pattern, as shown in Figure 3A (right eye), while the other 16 eyes had a counterclockwise pattern (Fig. 3A, left eye) . Eleven eyes (18.3%) showed two whorl-like structures, as represented in Figure 3C (left eye, arrows); in two eyes (3.3%), we observed three whorl-like structures (Fig.  4) . Three other eyes (5%) did not present these structures, but instead contained long bundles running across the central area and merging in the inferior-nasal corneoscleral area. Furthermore, among the 30 mice analyzed, 18 mice showed one whorl-like structure in both eyes; seven mice showed one whorl-like structure in one eye and two such structures in another eye. One mouse showed two vortexes in both eyes, and two mice showed one cornea with two whorl-like structures and three vortexes in the other cornea.
The montage of the corneal sagittal sections labeled with bIII-tubulin antibody showed the cross-sectional view of the whole corneal innervation (Fig. 5) . Highlighted images from the center and periphery depict the detailed distribution of nerve terminals in the epithelia, revealing that the density of epithelial terminals was higher in the center than in the periphery. The density of subbasal nerves and nerve terminals in the mouse cornea were recorded from 10 corneas, as explained in the Methods section. The subbasal nerve density, calculated as the percentage of total area, was 28.2% 6 0.3% in the central area and 18.1% 6 0.4% in the peripheral area (Figs. 6A, 6B) , with a significant difference of P < 0.001. Similarly, nerve terminals, calculated from 48 images (24 images per zone) of 6 eyes as the average number of terminals/mm 2 were also greater in the center (3972 6 58) than in the periphery (1976 6 99, P < 0.001, Figs. 6C, 6D ).
CGRP and SP Content of Mice Corneal Nerves
Whole corneas labeled with bIII-tubulin were double stained with antibodies against CGRP or SP. Representative images of mouse subbasal nerve bundles in the vortex area, terminals, and stromal trunks are shown in Figures 7A and 7B .
In the central zone, CGRP-positive nerve fibers constituted 70.2% 6 2.4% of the total subbasal nerve content, while SPpositive nerves were 58.6% 6 1.4% (n ¼ 6 eyes; P < 0.0001). The percentage of CGRP-positive terminals was also higher FIGURE 3. Epithelial nerve architecture of mouse cornea. The epithelial nerves derive from the stromal nerve branches that penetrate to the subbasal layer and give place to the subbasal bundles. In adult mouse corneas (8 weeks), the penetrating sites were located mainly in the peripheral zone, and it was generally found that one penetrating site gives origin to several nerve bundles. Those bundles run centripetally and converge into the central area to form the whorl-like structure or vortex. The patterns and number of vortexes differ among the eyes. These main bundles divided into branches, which connect to the bundles to form the subbasal nerve network. Fine terminals bud from the network to innervate the epithelial cells. (A, B) Whole-mount images of the entire architecture; (A) focuses on the corneal subbasal nerves and (B) focuses on the superficial free endings recorded from the same mouse shown in Figure 2B . (C) Highlighted images, as framed in (A), show the detailed nerve architectures in the vortex area. Arrows indicate the whorl-like structures. It is noteworthy that in the same mouse, the left eye has two vortexes that go in opposite directions.
(62% 6 1%) than the percentage of SP-positive terminals (59.3% 6 0.8%; P < 0.05). Similarly, in the main stromal trunks recorded within the limbus, CGRP-positive nerve bundles were more abundant (57% 6 1.2%) than the SP-positive nerve bundles 51.2% 6 1.6%, (n ¼ 5 eyes; P < 0.05).
CGRP-and SP-Positive Neurons in the Trigeminal Ganglion
To investigate the origin and relative contents of the sensory neuropeptides CGRP and SP in neurons of the TG, crosssections were double stained with bIII-tubulin. As shown in Figure 8A , 31.9% 6 1.2% of the total neurons were CGRP positive while 26.2% 6 0.9% were SP-positive neurons. (n ¼ 10 mice, P < 0.005). Images in Figures 8B and 8C show neurons labeled with each neuropeptide. Double immunofluorescence with CGRP and SP antibodies (Fig. 8D) demonstrate that all SPpositive neurons were also CGRP-positive, while there were some CGRP-positive neurons that were negative for SP.
DISCUSSION
We used a modified technique of immunofluorescence and imaging to show, for the first time, the entire mouse corneal nerve architecture including the nerve terminals, subbasal nerve bundles, and stromal nerve trunks.
We found that in very young mice (1-3 weeks after birth), the cornea present a dense network of stromal nerves but that the epithelial nerve fibers that budded from the network are short, thin, and extend without a given direction. Previous work using C57/B6 mice of 10 days and 4 weeks had shown a similar pattern in the central cornea. 15 Those nerve fibers gradually grow with the maturity of the mice, and a welldefined whorl-like structure appears at 4 weeks. From 4 to 6 weeks, the subbasal nerve bundles become longer and denser. The cornea size increases with aging. As we measured in this study, the radius increases approximately 2.6 times from newborn mice (average: 0.58 mm) to adult mice (average: 1.5 mm). Therefore, it is possible that a correlation exists between the length of the subbasal nerve bundles and the changes in corneal size as associated with the age of the mouse. At 8 weeks, the corneal nerves reach maturity with stromal nerves originating from four major trunks and fewer stromal nerves in the central cornea. The mechanism of stromal nerve regression when the mouse reaches maturity is unknown. One possibility is that there is a decreased release of growth factors from stromal keratocytes. Early studies suggested there is cross-talk between the nerves and corneal resident cells. 29, 30 During postnatal eye development, corneal epithelial and stromal cells secrete growth factors-such as nerve growth factor, 6, 31, 32 ciliary neurotrophic factor, 33 glial cell line-derived neurotrophic factor, 34, 35 vascular endothelial growth factor, 36 and pigment epithelium derived factor 37 -that may influence nerve fiber extension and survival. Very young mouse corneas have a high density of keratocytes that decrease by age 12 days and change from active to quiescent keratocytes in normal adult corneas. 38 This low metabolism may be unable to produce enough growth factors to support the survival of the dense stromal nerves in the central cornea observed at a young age.
The mouse is considered to be an adult at 8 weeks 39 ; however, in our experiments no noticeable changes in the nerve architecture were found up to 24 weeks. These results are in agreement with a recent study using ''in vivo'' confocal microscopy reporting that mouse subbasal nerve density is constant from age 8 to 52 weeks. 33 We found that corneal innervation in adult mice share many common features with humans. 25 The epithelial nerve bundles derived from the peripheral stromal branches ran centripetally and converged to form the whorl-like structure or vortex at the central cornea. The density of stromal nerves are lower in the center than in the periphery, while the density of epithelial nerves including the subbasal nerves and free endings are significantly higher in the center than in the periphery. We also observed that there is no difference between male and female mice. However, there are some features in mouse corneal innervation that we have not found in humans. In human corneas, although the patterns and locations of the vortex differ among the samples, every cornea analyzed has only one vortex; in mice, we found that 18% of the corneas have more than one whorl-like structure per cornea. Early studies have postulated that the combined effect of the electric and magnetic fields on centripetally migrating epithelial cells lead to a clockwise converged pattern, and it is likely that similar effects are exerted on corneal subbasal nerves. 14, 40 However, this theory cannot explain the phenomenon of counterclockwise pattern and the finding that some corneas show two vortexes running in opposing directions. Hence, a more reasonable explanation is needed.
Another difference found was that mature mice corneas have higher epithelial nerve density than humans. Compared with human corneas aged 40 to 57 years, 25 there was a 28.2% 6 2.54% nerve density in the mouse central area versus an 18.8% 6 2.1% in humans, and an 18.1% 6 3.2% vs. 11.1% 6 2.3% in the peripheral area. Coincidently, the number of terminals/mm 2 of corneal epithelia was also greater in mice (center, 3972 6 284; periphery, 1976 6 487) than in humans (center, 525 6 72; periphery, 230 6 46). Although the reasons for this difference are unknown, we agree with Yu and Rosenblatt 20 that a higher density of epithelial innervation may be needed by either anatomic or functional requirements specific to the mouse. Sensory nerves originating from the TG innervate ocular tissues, including the cornea and iris, [41] [42] [43] and loss of corneal sensory innervation can result in morphologic and metabolic epithelial disturbance. The expression of the sensory neuropeptides CGRP and SP in the corneas has been studied previously by both histochemical and immunofluorescence methods in a wide range of animal species, [43] [44] [45] [46] [47] [48] [49] but their distribution in the entire tissue and their relative content in mouse corneas was not investigated. In the current study, we used double-labeling immunofluorescence to study the relative contents of these neuropeptides. Our results showed that the corneas contain a large number of CGRP-and SP-positive nerve fibers. These two main sensory neuropeptides have been shown to induce epithelial cell proliferation, migration, and adhesion, facilitating corneal wound healing. [50] [51] [52] They are involved in the regulation of tear production and mucus secretion from goblet cells 53 and participate in the irritative and allergic response of the ocular surface. 54 Comparison of the proportions of CGRP-with SP-positive fibers shows that the content of CGRP is higher than that of SP in both epithelial and stromal innervation. This result is in agreement with our previous findings in the rabbit model in which the proportion of CGRP is significantly higher than that of SP-positive fibers in the corneal and iris innervations. 8, 28 An early study in the canine model has reported that both CGRP-and SP-positive nerve fibers take up 99% of the total corneal innervation. 49 This result is much higher than those we have found in the rabbit and mouse corneas. The discrepancies may be due to the difference between the animal species, rather than the techniques of assessment used in the studies.
The sensory nerves, which innervate the cornea and iris, mainly originate from the ophthalmic division of the trigeminal nerve, with a very small amount deriving from the superior cervical ganglion and ciliary ganglion. [55] [56] [57] In a recent study, we have reported that in the rabbit TG, the number of CGRPpositive neurons significantly outnumber SP-positive neurons, which are also labeled with CGRP. 28 Similar results were found in the mouse TG. Our results are also in agreement with earlier studies in the rat and guinea pig, 58, 59 suggesting that those species share a similar expression pattern of sensory neuropeptides in the TG. In summary, using a modified technique of immunofluorescence and imaging, we provided a complete map of the entire nerve architecture and the total sensory neuropeptide distribution of the mouse cornea. The finding that the mouse corneal innervation has many similarities to human cornea makes the mouse an appropriate model to study pathologies in which corneal nerves are involved.
